Wild-type poliovirus (ts +) rapidly represses synthesis of host cell protein (psr+ character), at permissive (37 °C) or restrictive (39"5 °C)temperatures. A search for ts mutants that were psr+ at 37 °C and psr at 39"5 °C was successful when gene expression was minimized by adding guanidine, depleting cystine and avoiding very high input multiplicities. Repressor defects were found in six ts mutants, all of which carry ts defects solely in structural protein. All of the five ts mutants tested that were defective in non-structural genes failed to show a repressor defect. The repressor defect was confirmed to lie in structural genes by showing that three out of four independent ts + revertants from a structural protein (psr. ts) mutant were also psr +. Thus repression is dependent on the configuration of a product of the structural protein gene. These findings are discussed in terms of the equestron, a hypothetical poliovirus regulator.
INTRODUCTION
One of the first effects during a cycle of picornavirus growth is a repression of host cell protein synthesis (Darnell & Levintow, I96O; Franklin & Baltimore, I962; Hausen & Verwoerd, 1963) . This varies in extent with time and input multiplicity, but may be 9o % complete by I to 2 h after infection with IOO p.f.u./cell. For the present purpose, this activity of the virus will be termed the protein synthesis repressor (psr+) character. It appears to result from a virus protein, since it is prevented by growth in p-fluorophenylalanine (Baltimore, Franklin & Callender, I963) or cycloheximide (Penman & Summers, I965) , and by pre-irradiation of inoculum virus with u.v. light, or with visible light using virus sensitized by proflavine (Holland, I964) . This repression is selective, however, as synthesis of virus protein increases while that of host protein declines. It precedes rather than follows prevention of cellular RNA synthesis, and does not appear to result from destruction of translation machinery or host mRNA, but from a specific block to reinitiation of host translation (Penman et al. 1963; Willems & Penman, I966) . A virus protein is deduced to prevent entry of host mRNA into polysomes (Leibowitz & Penman, 197I) .
The nature of this protein is unknown, and although it might be shown by means of defective mutants, searches for such mutants have previously been unsuccessful (Cooper, I969; Cooper et al. I97I) . However, since the psr+ character is expressed fully in presence of guanidine (Penman & Summers, I965) when very little virus protein is made (Summers, Maizel & Darnell, I965) , only small amounts of the repressor protein are needed. Thus tbe 'leak' (small synthesis of functional gene product at restrictive temperature) always present with ts mutants may well suffice to mask the repressor defect.
Recently, we have suggested that a poliovirus regulator termed the equestron (Cooper, I973) may be responsible for repression of host protein synthesis, as well as for controlling the rates of virus RNA and protein synthesis. The candidate for the equestron is a precursor to the protein that appears to be the repeating structural unit of the virus particle, allowing the prediction that psr mutants should also be mutant in structural protein. Accordingly, since many of the poliovirus ts mutants defective in structural protein can have their defect substantially masked by the presence of cystine (McCahon & Cooper, 197o) , it was possible that the psr character might also not be revealed unless excess cystine was removed.
This paper reports that, provided the leak rate is kept small by depletion of cystine, by inhibition of replication with guanidine and by using low input multiplicities, ts defects in poliovirus repression of host protein synthesis are revealed. In verification of the prediction, the psr character turns out to be confined to mutants defective in structural protein.
METHODS

Cells and virus.
The wild type (ts +) and ts mutant strains of poliovirus type I, their growth in U cells, their plaque assay and the standard recombination test were described or referred to by Cooper (I968) .
The standard repressor test. This test used culture conditions resembling those of the standard recombination test. Freshly trypsinised U cells (2 × IO 5 in I ml Eagle's medium containing o-m mM-cystine, calf serum (5 %) and NaHCO3 (o'56 rag/m1) in stoppered flatbottomed tubes) were incubated at 37 °C for 24 h. The medium was changed, the NaHCO~ increased to o'84 mg/ml, and the cultures reincubated for 26 h. The fluid was thoroughly aspirated, and o.I ml of virus or medium added in sets of six to ten replicates, the tubes restoppered and shaken gently for 3 h at Io to I5 °C. The input multiplicities quoted refer to the input ratios of virus to cells in the adsorption step; adsorption is 4o to 8o % complete in this system. After washing once with cold phosphate-buffered saline (PBS), I ml of Eagle's medium lacking cystine and leucine, but containing calf serum (5 %), NaHCOa (o'7 mg/ml), actinomycin D (o-I #g/ml) and guanidine hydrochloride (5o#g/ml), was added. Those cultures to be incubated solely at 37 °C were given cystine to o-I mM. All tubes were then incubated in a water bath at 37 °C for 25 min, when half of each replicate set were transferred to a water bath at 39"5 °C. After a total of 4 h incubation, o.I ml medium containing o-oI #Ci [14C]-e-leucine-U (312 mCi/m-mol; Radiochemical Centre, Amersham) was added to each tube. Incubation was continued for one more hour, when the cultures were chilled in ice, washed twice with cold PBS, twice with cold Io % (w/v) trichloroacetic acid and dried overnight at 5o °C. The monolayers were solubilized in water (o.I ml) plus Hydroxide of Hyamine Io-X, Packard, (0-2 ml) for I h at 50 °C, washed into scintillation vials with toluene-ethanol scintillation fluid, and counted for Io min in a Packard 332o liquid scintillation counter with about 9o % efficiency. Each experiment included a few tubes kept at o °C, to which label was added, to act as blanks. -leucine given to poliovirus-infected ceils during a one-step infection process reveal a progressive repression of protein synthesis, which becomes significant 2 to 3 h after infection. This is synthesis of cellular material, since virus RNA and protein production are reduced to undetectable levels by the presence of guanidine (Summers et al. 1965 ). The standard test described in Methods involves a pulse of label 4 to 5 h after infection, at which time repression by ts + is usually 70 to 95 ~o complete when adding about 20 p.f.u./cell.
I5-2
Effect of cystine and temperature
The experiment of Fig. i was done in Eagle's medium (oq mM in cystine) at 37 °C; other experiments showed that the lower endogenous cystine levels of the standard test (' depleted cells', obtained by 4 ° h pre-incubation in o.ot mM-cystine) had no effect on the repressor action of ts +, neither did o.x mM-cystine present during the test itself using depleted or nndepleted cells. The repression by ts + was equally effective at permissive and restrictive conditions: in 32 standard tests with depleted cells, the mean ratio + standard error of the percent repression by ts + (39"5 °C in o-oI mM-cystine: 37 °C in o.t mM-cystine), with three to five replicate cultures at each temperature, was I.OO7 + o'o49. In five tests without cystine depletion, the mean ratio was I.o8 +o.o6~. Non-defective mutants gave similar ratios, but defective mutants gave ratios significantly less than I (see below). To monitor the effectiveness of ts +, three to five replicate ts + and three to five replicate uninfected cultures were included at both temperatures in each test.
Cell replication was somewhat restricted during the 4 ° h pre-incubation in o.o I mu-cystine, but leucine incorporation per cell at 37 °C was not much affected. Leucine incorporation at 39"5 °C, however, was 2o to 4o % of that at 37 °C when using depleted cells. The cystine content of the medium (o. ~ or o.o I m~) during the period of the test had no effect on protein synthesis at either temperature. As mentioned above, the percentage repression by ts + and non-defective mutants was the same at both temperatures, despite these differences in rates of protein synthesis in uninfected cultures. Pre-incubation with greater depletion of cystine, or with I[Io concentration of all amino acids, reduced overall protein synthesis to unusable levels, and less cystine depletion masked the repressor defects.
Possible defect in uncoating
To check possible involvement of defects in uncoating, cells were infected with a repressordefective mutant (ts-T47, see below) in the standard repressor test, except that replicates were incubated at 37 °C for o, 25 and 50 min before transfer to 39"5 °C. Repression by ts-I47 was found to be as defective with 25 rain at 37 °C as when incubation was entirely at 39 "5 °C, but pre-incubation for 50 rain at 37 °C nullified the defect. Since the eclipse of poliovirus infectivity is > 80% complete in 30 min at 37 °C (Holland, I962) , and bypassing of the uncoating stage by infection with vRNA only shortens the growth cycle by 30 rain (Cooper, 1964) , most particles are uncoated within this time. Thus the lack of effect on the psr character of 30 rain pre-incubation at 37 °C is taken to indicate that the repressor defect of ts-147 does not simply reflect inadequate uncoating at 39"5 °C. The standard test involved 25 rain incubation at 37 °C before transfer to 39"5 °C, to avoid picking up defects in uncoating.
Effect of input multiplicity
Repression of host protein synthesis by poliovirus is strongly dependent on input multiplicity, being greater with larger inocula (Penman & Summers, 1965) . Our results confirm this, but also show that multiplicity had no effect on the relative repression by ts + (39"5: 37 °C, Fig. zA) . That is, the percentage repression decreased with decreasing multiplicity of ts + at the same rate at the two temperatures, and the same was true for ts mutants not defective in repressor activity (e.g. ts-28, Fig. 2A ). In these tests, the 39"5 and 37 °C values for a given virus input were not significantly different (P > oq) for both strains. In contrast, input multiplicity had a marked effect on the relative repressor activity of defective mutants at the two temperatures (e.g. ts-3, Fig. 2B ). The differences between the 37 and 39"5 °C values of 
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Fig. 2B were highly significant (P < o'o0 at each multiplicity. At lower multiple infections (e.g. IO to I5 p.f.u./cell) host protein synthesis was less repressed by defective mutants at 39"5 than at 37 °C, but at higher input (e.g. > 3o p.f.u.[cell) their defect was often masked, and repression was efficient at both temperatures. For this reason, mutants were tested at several input multiplicities, including some low enough to give incomplete repression at 37 °C.
Identification of repressor-defective mutants
A range of previously characterized poliovirus ts mutants (Cooper, I969; Cooper et al. I970 was examined on several occasions for each mutant, and at various multiplicities concurrently, using the standard repressor test. This test compared the mutants' ability with that of ts + to repress host protein synthesis under permissive and non-permissive conditions, using cystine-depleted cells in presence of guanidine and actinomycin. Mutants were scored as defective if the difference between the mean incorporations of infected and uninfected cultures at 39"5 °C was not significant (P > o'3), provided that the difference at 37 °C was significant (P < o'o5) and that the standard errors of the means of all values were comparable. Under these circumstances, the ratio of the percentage repression (39"5:37 °C) at lower multiplicities of defective mutants was o'3 or less, while that of ts + was about I (mean = 1.oo 7_+ o'o49, see above). Table I * The data refer to [~4Cl-leucine incorporation (mean cUmin/culture___ standard error, of three to five replicate cultures) in a I h pulse given 4 h after infection in presence of guanidine and actinomycin D.
"j" The ~ repression is in comparison with uninfected cultures, and the P value is the significance of the difference between infected and uninfected values in a Student's t-test. number of mutants. Non-defective mutants showed highly significant repressions at both temperatures, and their ratio of the percent repressions at the two temperatures was also not significantly different from I, even when the input multiplicity was at the lower limit of effectiveness. Mutants were not scored as non-defective unless a defective control mutant was included in the test.
Altogether, repressor defects were found for ts-2, -3, -22, -89, -IO4 and -I47, while ts-2o, -28, -I82, -zoI and -2o2 failed to show a defect. Table z summarizes the characters of these mutants, and shows that all mutants defective in host protein repression were mutant in structural protein, all except ts-I o4 being also cystine dependent. All except ts-22 behaved as single mutants in reversion frequency and recombination characteristics (Cooper, I968) , but the second defect of ts-22 also lay to the right of the genetic map, i.e. in structural protein.
Mutant ts-147 had previously been mapped only approximately (Cooper et al. 1970 , and so its position was more accurately determined in a standard recombination test, using a specially prepared virus stock (Cooper, I968) . In these tests, recombination frequencies from the cross ts-28g × I47 were indistinguishable from those of concurrent crosses of ts-28g x 3 (o-2 to o'4 % ts + recombinants, and o.I 5 to o.3 % g recombinants); the proportions of g recombinants in individual cultures were also the same for both crosses (o.6 to o'7).
These compare with mean frequencies from a large number of ts-z8g x 3 crosses (Cooper, 1968) of o'495 % ts + and o.364 % g recombinants. The proportion of ts + progeny in the cross ts-3 x I47 was indistinguishable from those of the self crosses (about o.o8 %). The ts defect of ts-147 accordingly lies close to that of ts-3, in the structural protein region of the 
Characters of ts + revertants
In order to confirm that the repressor defect of at least one poliovirus mutant lies in the structural protein gene, the characters of ts + revertants isolated from ts-x47 were examined. The theoretical basis of this approach is discussed by Cooper, Wentworth & McCahon (I 97o) . It rests on the expectation that chance double mutation of two independent characters in a cloned isolate will occur with a probability equal to the product of their individual mutation frequencies. If these are each low (P < IO 3), then their co-variation in a single isolate selected for one character is unlikely (P < Io-~), and the chance of random covariation in say three out of four independent isolates is vanishingly small. Thus such a degree of co-variation would be compelling evidence that the characters are determined by the product of the same gene. It should be noted that the converse does not apply, i.e. characters determined by the same gene product need not co-vary in all isolates.
The revertants were derived as follows. A stock of ts-I47 containing < lO -3 wild type was assayed at 37 °C, and 2o well-isolated plaques picked into tube cultures containing 2 × lO 5 U cells. This primary re-cloning ensured that any revertants selected in the following step were independently derived. The cultures were incubated at 4 o °C for 4o h, frozen, thawed and assayed at 37 and 39"5 °C. All preparations bad an e.o.p. (39"5:37 °C) of about I, and so mostly comprised wild type. One plaque was picked from the 37 °C plate of each clone into a tube culture of U cells, which was incubated 2 days at 37 °C, frozen and used to inoculate a IO ml (5 × 1 o6 cells) culture. Gross c.p.e, was evident after i6 h at 37 °C, and these preparations were frozen and used as the revertant stocks. They were assayed for infectivity at 37 and 39"5 °C, and the four cultures with the highest titres that also had an e.o.p, and plaque size at 39"5 °C not significantly different from ts +, were selected for further testing. 
Data expressed as in Table I psr Table 3 shows the behaviour of these isolates (designated R+/ts-r47/B-2, -3, -II, -12) in the standard repressor test. Three of the four ts + revertants were also revertant in the repressor character, constituting confirmation that the repressor defect of ts-I47 lies in the same gene as its ts defect, namely structural protein. All four revertants were also revertant in the cy character (Table 4), implying that cystine dependence is a significant factor in the ts defect. Strain ts-T47 was very thermolabile in the absence of cystine (Table 4 ), but two out of four ts + revertants were thermostable, providing further confirmation that the ts defect of ts-I47 lies in structural protein.
DISCUSSION
The test used to detect defects in repression of host protein synthesis depends upon a balanced depletion of cellular cystine and an optimum input multiplicity. The residual cystine must be sufficient for good protein synthesis (which is particularly vulnerable to high temperature after cystine depletion), but not enough to encourage leak of the defective strains (all save one being cystine-dependent). The multiplicity must suffice to infect > 95 % of cells, but not be high enough to mask the repressor defect. The multiplicity effect presumably reflects a greater yield of functional gene product, i.e. a greater leak, with a greater input of messenger vRNA. The 5o min pre-incubation at 37 °C that nullified the psr defect of ts-I47 is presumably equivalent to increasing the multiplicity; the 25 rain pre-incubation used in the standard test is not expected to allow much opportunity for replication. Leak is further limited by guanidine inhibition of RNA replication, and cellular RNA responses are countered by actinomycin (Leibowitz & Penman, I970. The conditions used in the standard test achieve the required optima on most occasions, so that the test is adequately reproducible. The useful range is somewhat narrow and artificial, however, and it is not surprising that such mutants have not appeared before.
All six of the structural protein ts mutants tested were repressor-defective (psr). All five non-structural ts mutants failed to show a defect, and their psi + character is evidence that the repressor defects of the structural protein set are not due simply to low replication at 39"5 °C, since one at least of the non-defective (tspsr +) mutants produces extremely small yields of vRNA at restrictive temperature (Table 2) . Co-variation of reversion to psr+ with reversion to ts + characters in three out of four independent ts + revertants from ts-I47 constitutes compelling evidence that ts character and repressor defect of ts-I47 lie in the same gene. The mapping and reversion characteristics, cystine dependence and thermolability of Is-x47, coupled with co-variation to thermostability in two out of four ts + revertants, constitute a solid demonstration that ts-I47 is a mutant having a single ts defect in the structural protein gene. The repressor defects found are therefore located in the structural protein gene, and it follows that repression of host protein synthesis depends upon the configuration of a product of the structural protein gene.
However, these studies do not indicate mechanisms. We report elsewhere (Cooper et al. I973 ; P. J. Wright and P. D. Cooper, unpublished observations) that material corresponding to a precursor of the structural unit is found attached to the smaller ribosomal subunits. Conceivably, it is this association that prevents the attachment of 45 S subunits to host mRNA, a general mechanism predicted by Leibowitz & Penman 0970-It follows from these independent studies that the psr character may reflect a functional change in the structural unit precursor, an outcome consistent with the relation between the psr character and a product of the structural protein gene shown above. We have suggested (Cooper et al. I973) that the psr+ character reflects one of the regulatory functions of the poliovirus equestron.
Since two of the R+]ts-t47 revertants were as thermolabile as ts-I47 itself, its ts defect may well not result from the thermolability of the virus particle per se. Also, one revertant (R+[ts-I47[B-i2) was still psr, indicating that this defect alone is not sufficient to confer the ts character, as indeed may be expected from the artificial conditions needed to detect the psr phenotype. It therefore seems likely that the ts defect (and the cystine dependence) of ts-I47 reflects some function of the structural protein gene product other than its particlebuilding and repressor activities. One possibility is the regulator function for vRNA synthesis proposed for the poliovirus equestron (Cooper et al. I973) . A. STEINER-PRYOR AND P. D. COOPER It is worth emphasizing that ts-ao ,-20~ and -2o2 are not defective in the repressor function, even (for ts-ao) without the initial 25 rain at 37 °C (results not shown). These mutants are defective in production of double-stranded RNA (Cooper, Stancek & Summers, I970; Cooper et al. I97I) , and the number of double-stranded molecules/cell made at 39"5 °C and in 5o #g guanidine/ml, in particular by ts-zo (which is a very defective mutant, Table a), is much less than ts + and must be negligible in relation to thc size of the translation machinery of the cell. Thus although poliovirus double-stranded RNA is extremely active in inhibiting translation in vitro (Ehrenfeld & Hunt, I97I) , and in vivo at about o.8 pg 0o 4 to I0 s molecules) per cell (Cordell-Stewart & Taylor, I973), it seems quite unlikely that this is the effector of repression of protein synthesis by poliovirus in vivo. It is, of course, not possible to exclude contributions to the psr + character by any gene functions not represented by our mutants.
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